The electrochemical cell provides a potentially powerful means of altering morphology and islanding phenomena on metallic surfaces. Diffusion and attachment processes on terraces and near step and island edges are known to profoundly affect island sizes, shapes and coarsening kinetics. Using the surface-embedded-atom-model (SEAM) for describing metallic surfaces in the electrolytic environment, we calculate the dependence of the activation energies for the aforementioned diffusion processes on the deposited surface charge for the Ag(111) and Ag(100) surfaces in an electrolytic environment. While all these processes show some degree of dependence on the potential, the step-edge barrier and the edge diffusion processes are the most sensitive.
INTRODUCTION
Several recent investigations [1] [2] [3] [4] have indicated that the early film growth and morphology of metal surfaces can be radically different in the electrochemical cell than in ultra-high vacuum (UHV). Moreover, these surface features can change over rather small changes in the applied electrochemical potential, as exhibited in the needle-like growth of Ni on Au(111) [2] and the lowindex reconstructions of Pt(110) [3] , Au(100) and Au(111) [4] . In light of the intense interest in controlling and manipulating islanding phenomena, such as in the fabrication of self-assembled quantum dots [5] , the possibility of exploiting the electrochemical environment, e.g., through the applied potential, to control these features naturally presents itself.
Island and step morphology depend a great deal on kinetic as well as thermodynamic factors. Both types of properties can often be predicted from atomic-level calculations. A huge body of work exists on the atomistic prediction of surface energetics and kinetics in the UHV environment, but virtually nothing for the electrochemical environment. The main difference in the electrochemical cell from UHV is the presence of a charged electrolytic double layer. While a few first-principles calculations exist [6, 7] treating a vacuum double layer, calculations with large surface unit cells in electrolytic surroundings by first principles methods is still out of reach. The main purpose of this paper is to apply an atomistic approach, based on the embedded atom method (EAM) [8] , taking into account the electrolytic double layer, to the investigation of the effect of the electrochemical potential on diffusion barriers at and near island-or step-edges, and further how changes in these barriers can influence the sizes, shapes, and diffusion of the islands themselves. We concentrate on the Ag(111) and Ag(100) surfaces since many experimental [9] [10] [11] [12] and theoretical [13] [14] studies on these surfaces have been carried out. Furthermore, the surfaceembedded-atom-method (SEAM) [15, 16] has proven to be reasonably accurate in predicting surface energetics for silver in UHV. We outline the SEAM approach in the next section. The following section assesses the influence of the electrolytic surface charge on kinetic barriers and then on the islanding phenomena themselves.
EMBEDDED ATOM MODEL OF METAL-ELECTROLYTE INTERFACE
The SEAM approach to modeling the electrolytic double layer has been described previously [17] . The main modification of the usual EAM is that instead of describing the background electron density ρ ι at an atomic site i as a superposition of atomic electron densities φ produced by all other atoms, this superposition is augmented by an amount ∆ρ ι coming from the charge deposited on the metal surface by the electrolytic double layer, i.e., ρ i = Σ φ j (r ij ) + ∆ρ i .
j / = i
To convert a surface charge density σ to a volume electron density ∆ρ, we introduce a height h over which this excess charge is uniformly distributed. Thus the excess effective electron density is
where q is the total charge, A the surface area, with the excess applying only to surface atoms.
Another parameter, b − a linear coefficient of ρ in the embedding function F(ρ) − must be determined [17] . This term has no effect on charge-neutral systems, but comes into play when surface charge is present. Together, h and b are the two free parameters of our model. Once these parameters are determined one can calculate the total energy E of the system, the potential Φ as a function of charge Φ(q) = ∂E/∂q , and the differential capacitance 1/C = ∂Φ(q)/∂q. As in [17] h is determined by the (Helmholtz) capacitance of Ag(111) at high electrolytic concentration in aqueous solution (~75 µF/cm 2 ). Unlike in ref. [17] we fit the b parameter to the (111) work function of eΦ(0) = 4.4 eV. This leads to h = 1.38 Å, b = 31.76 eV Å 3 . The h value is close to the effective height of the dipole layer for Ag of 1.2 Å calculated by Schmickler [18] with LDA in a jellium model. A similar fitting procedure was also carried out for Au. For both metals, once h and b are fit to (111) properties [19] , the relative positions of the potential of zero charge (PZC) for the other low-index faces are in reasonable agreement with experiment [20] . Although water is not treated at the atomic level in our approach, its main effect − providing a dielectric medium with a high dielectric constant − is approximated by neglecting a contribution to the total energy, or to the capacitance [17] , coming from the double layer acting like a static parallel plate capacitor. This term would be important for vacuum double layers or at low ionic concentrations. Table I gives the correspondence between the potential Φ(q) and the electron density shift ∆ρ for Ag(100) and Ag(111). This potential is the potential across the double layer, which is unmeasurable. However, changes in this potential correspond to the same changes in the potential across the electrochemical cell. For this reason we also include the change in potential ∆Φ(q) = Φ(q) -Φ(0) as this corresponds to the difference between the actual potential and the potential-ofzero-charge (PZC). We also include the charge-variation of surface stress, f = (∂E/∂Α) q , where A is the surface area. We have calculated the diffusion barriers on the open terrace, across step edges, along step edges, and around corners and kinks, as well as attachment and detachment barriers at step edges and kinks. Figure 1 illustrates the dependence of terrace diffusion barriers, step-edge barriers, and edge diffusion barriers on the surface charge. For brevity, here and below, ρ 0 , the bulk electron density, is taken to be implicitly 1.0, i.e., ∆ρ is shorthand for ∆ρ/ρ 0. Large sensitivities to surface charge occur for most of the diffusion constants. Generally, diffusion barriers rise with increasing positive charge or voltage. Trends are not necessarily the same for (111) as (100) (e.g., the terrace diffusion barriers) , and often the preferred diffusion mechanism, hopping or exchange, may change with surface charge. The Ehrlich-Schwoebel barrier E es , the difference between the upper step-edge and the terrace diffusion barriers, exhibits opposite trends for (100) and (111), being very large at high positive charge (∆ρ = −35%) for (111) and even becoming negative under the same conditions on (100). The variations in Fig. 1 suggest the possibility of electrochemical "tuning" of diffusion barriers, important in 3D and 2D islanding phenomena.
RESULTS
The trends exhibited in Fig. 1 are the result of two influences of the surface charge. As the surface environment become more electron-starved, the price of bond-breaking increases, i.e., the work function increases. Thus bond-breaking becomes more costly with positive surface charge leading to larger diffusion barriers. The bond-breaking argument, however, ignores relaxation effects, which are linked to the tensile stress and strain of the surface. For the open terrace we find that higher tensile stress tends to increase hopping barriers and decrease exchange barriers, a trend fully consistent with that pointed out by Yu and Scheffler [21] in first-principles calculations. We also find a similar trend for the exchange barrier over the step-edge (more stress Õ smaller barriers). The bond-breaking charge effect shows up most dramatically in the very large step-edge barrier for Ag(111) for ∆ρ = -35%, while the terrace diffusion barriers on the same surface correlate rather well with the stress effect. Diffusion along the step-edge, for both surfaces, appears to be primarily influenced by the bond-breaking effect. The nonmonotonic nature of many of the calculated diffusion barriers can be traced to the opposite influences of the bond saturation and surface stress, as well as to changes in the preferred mechanism, hopping or exchange.
How can the variation of diffusion barriers influence the size and shapes of 2D islands? We utilize the nucleation theory results [22] for the average island size (in number of atoms) 〈N〉 〈N〉 = (Dθ 2 / 3Fa where θ is the coverage, F the deposition flux, D the terrace-diffusion constant (we always assume a generic attempt frequency of 1×10 12 /sec), and a the lattice constant. Figure 2 illustrates the temperature dependence of the average island size on Ag(100) for various surface charges under typical electrodeposition conditions. This figure indicates that one can have a large degree of control of the island size during a deposition phase by regulating the electrochemical potential, as a variation of from -0.7 V to +0.7 V relative to the PZC can decrease the average island size from 500 atoms down to 10 atoms. (Such large variations fail to occur on the (111) surface because the variations in E TD are not so large).
Zhang et al. [23] have quantified the fractal-compact shape transition in terms of a ratio t r /t a , the ratio of residence time an edge atom spends on a given edge of an island to the arrival time of atoms diffusing from the terrace. Regulating this ratio is important in controlling island shapes as t r /t a < 1 generally indicates a compact shape. Zhang et al. importantly note that corner as well as edge diffusion determine t r , which typically increases the residence time over that from edge diffusion alone. Figure 3 gives t r /t a as functions of temperature for Ag(100) and Ag(111), respectively. We utilize the expressions of Zhang et al. for t r and t a , and the SEAM edge and corner diffusion barriers. The deposition flux F is adjusted to produce a mean island size of 500 atoms for a coverage θ = 0.1 ML. While all islands on Ag(100) are compact at room temperature (RT), the transition temperature to a fractal shape varies from 130 K to 230 K depending on surface charge. The Ag(111) variations are much more dramatic than for Ag(100) with the opposite sense: The transition temperature varies from 250 K to 960 K with the largest negative surface charge yielding the lowest transition temperature. Though the Ag(111) islands are typically fractal at RT, applying a large enough negative potential (∆Φ < -0.5 V) can produce compact islands instead.
In the late post-deposition phase the islands diffuse and coarsen. The diffusion constant scales according to D~N -α/2 , where α is the scaling exponent. The islands coarsen according to 〈N〉t
2β
, where β = 1 / (α + 2). Using the expressions of Khare and Einstein [24] , which relate cluster diffusion constants with underlying adatom processes, and the SEAM diffusion barriers, we obtain the cluster diffusion constants on Ag(100) depicted in Figure 4 . Again, there is a large variation in the magnitude and scaling of the diffusion constant with surface charge. The variation of these quantities with charge reflects the nonmonotonic nature of many of the diffusion constants and the terrace diffusion (for ∆ρ = -15%, -35%), and periphery diffusion (for ∆ρ = 0%, 10%) mechanisms all being exhibited. Figure 4 suggests that the electrochemical potential can be used powerfully to control the island coarsening dynamics.
CONCLUSIONS
Adatom diffusion constants, both on the flat terrace and over or near step-edges, are very sensitive to the surface charge deposited at potentials readily obtainable in electrochemical experiments. This conclusion was reached on the basis of SEAM calculations for Ag(100) and Ag(111) electrodes, but should hold on other metal electrodes as well. The diffusion barriers often exhibit complicated nonmonotonic behavior with the surface charge, with this being the case more so on Ag(100) than on Ag(111). The complicated behavior is a result of the different effects of bond breaking, surface stress, and the transitions between hopping and exchange diffusion as the preferred mechanism. The large variations in diffusion barriers translates into large variations in island size, shape, and island diffusion and coarsening properties. Thus it appears that the electrochemical potential can be used to control these islanding characteristics, both in the deposition and post-deposition phases, to fabricate desired features on the nanoscale. Cycling the potential between deposition and post-deposition phases may even offer a greater degree of control.
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